Even though leukemia is considered to be confined to one specific hematopoietic cell type, cases of acute leukemia of ambiguous lineage and patients relapsing in phenotypically altered disease suggest that a malignant state may be transferred between lineages. Because B-cell leukemia is associated with mutations in transcription factors of importance for stable preservation of lineage identity, we here investigated the potential lineage plasticity of leukemic cells. We report that primary pro-B leukemia cells from mice carrying heterozygous mutations in either or both the Pax5 and Ebf1 genes, commonly mutated in human leukemia, can be converted into T lineage leukemia cells. Even though the conversion process involved global changes in gene expression and lineage-restricted epigenetic reconfiguration, the malignant phenotype of the cells was preserved, enabling them to expand as T lineage leukemia cells in vivo. Furthermore, while the transformed pro-B cells displayed plasticity toward myeloid lineages, the converted cells failed to cause myeloid leukemia after transplantation. These data provide evidence that a malignant phenotype can be transferred between hematopoietic lineages. This has important implications for modern cancer medicine because lineage targeted treatment of leukemia patients can be predicted to provoke the emergence of phenotypically altered subclones, causing clinical relapse.
Leukemia commonly involves a single blood cell lineage with expansion of lymphoid progenitor cells (B-or T-cell lymphoblastic leukemia) or myeloid progenitors (myeloid leukemia) (Jennings and Foon 1997; Craig and Foon 2008) . The involvement of a single lineage of cells is well in line with the idea that leukemia is a monoclonal disease initiated in a lineage-restricted progenitor. However, even though this would appear to be generally applicable, a fraction of the hematopoietic malignancies appears to involve multiple lineages (Jennings and Foon 1997; Craig and Foon 2008; Manola 2013) . These malignancies, denoted as acute leukemia of ambiguous lineage (ALAL), can be manifested as either bilineal leukemia, involving several lineages, or biphenotypic disease, with expansion of cells displaying combined expression of normally lineage-restricted surface markers (Jennings and Foon 1997; Craig and Foon 2008; Manola 2013) . Additionally, rather dramatic phenotypic changes with preserved cytogenetic features have been reported from patients experiencing relapse of disease (Dorantes-Acosta and Pelayo 2012) . This is especially notable after treatment of pediatric B lineage acute lymphoblastic leukemia (B-ALL) using genetically manipulated T lymphocytes (chimeric antigen receptor T [CAR-T] cells) targeting CD19-positive cells because 13 out of 20 children experiencing relapse did so with CD19
− leukemia cells (Gardner et al. 2016; Park et al. 2016) . Even though the phenotypic changes could be explained by malignant transformation of multipotent progenitors, this could also be a consequence of genetic alterations causing lineage instability in committed progenitors.
Stable B lymphocyte identity depends on a network of transcription factors , including PAX5, EBF1, and IKZF1 (IKAROS), all of which are crucial for stable B lineage commitment (Mikkola et al. 2002; Cobaleda et al. 2007; Reynaud et al. 2008; Nechanitzky et al. 2013; Ungerback et al. 2015) . Interestingly, mutations of transcription factors involved in the regulation of cell identity are prominent in B-ALL, where heterozygote inactivation of PAX5, EBF1, or IKZF1 is detected in a substantial fraction of the patients (Kuiper et al. 2007; Mullighan et al. 2007 Mullighan et al. , 2008 .
In order to explore whether disruption of a transcription factor network in leukemia cells causes lineage plasticity to generate biphenotypic or bilineal leukemia, we decided to explore the ability of mouse B-ALL cells carrying disruptions in fate-determining regulatory networks to adopt alternative cell fates. This revealed that either constitutive activation of Notch1 signaling or externally mediated Notch activation resulted in lineage switch of B-ALL cells to T lineage cells displaying a pronounced developmental block and expansion capacity in vitro and in vivo. The B lineage leukemia cells could be converted into myeloid cells; however, these displayed a mature phenotype with pronounced ability to respond to LPS and severely reduced ability to expand and generate malignant disease in vivo. This reveals that secondary genetic alterations as well as environmental signals may impact the phenotype of B-ALL cells and that the malignant state, including the block of differentiation, can be transferred between lymphoid lineages.
Results

Constitutive activation of the Notch signaling pathway in pro-B leukemia cells causes lineage conversion and expansion of CD19-negative leukemia cells in vivo
In order to explore whether a leukemic pro-B cell can be converted into a T-lineage cell, we decided to explore this ability in a mouse model carrying a combined heterozygous loss of the Pax5 and Ebf1 genes . The majority of these mice develops monoclonal or oligoclonal B-lineage leukemias before the age of 30 wk (Supplemental Fig. S1 ; Prasad et al. 2015 ) that, after transplantation, display a stable phenotype with expansion of leukemic pro-B cells in the bone marrow (BM) and spleens of the recipients . In order to explore whether constitutive activation of Notch signaling, a feature commonly detected in human T-ALL (Weng et al. 2004; Lobry et al. 2011) , would change the phenotype of the leukemia cells, we transduced four independently derived primary pro-B leukemia samples from lymph nodes (LNs) collected from leukemic Pax5
Ebf1
+/− (TH) mice (#377, #436, #619, and #655) with a retrovirus encoding a constitutively active Notch1 protein (ICN1) (Pui et al. 1999) . Cultivation of the transduced tumor cells on OP9 stroma cells induced Thy1.2 expression on three of the tumors transduced with the GFP control vector (Fig. 1A,B) . In contrast, the ICN1-expressing cells down-regulated the expression of CD19 (Fig. 1A,B (Fig. 1C) . RNA sequencing (RNA-seq) experiments using two tumors (#377 and #619) and in vitro differentiated B and T cells explored with unsupervised cluster analysis revealed that, while the control virus transduced cells clustered with the normal CD19 + cells, the cells transduced with the ICN1-expressing virus clustered with the T-lineage cells (Fig. 1D) . Identifying differentially expressed genes (Supplemental Table S1 -S4) linked ICN1 expression to down-regulation of B-lineagerestricted genes, including Pax5, Cd79α, Cd79β, Igll1, and Cd19, and up-regulation of genes associated with Tlineage development such as Gata3, Tcf7, and Cd3e. Performing a gene ontology (GO) term analysis of the genes with increased expression in the ICN1 transduced cells revealed a significant enrichment of genes linked to Tcell differentiation and function ( Fig. 1E ; Supplemental Tables S3, S7 ), while the GO terms identified for the down-regulated genes included B-cell activation (GO: 0042113) and the B-cell receptor signaling pathway (GO: 005853) (Supplemental Table S7 -S8) . qPCR analysis of genomic DNA from ICN1 transduced tumor cells allowed for detection of TCRβ DJ rearrangement at a level comparable with that of in vitro differentiated normal T-lineage cells (Fig. 1F) , while TCRβVDJ recombination was not observed in vitro. To verify that the generated T-lineage cells were derived from the transformed pro-B-cell tumor, we explored VDJ recombination events in the immunoglobulin heavy chain (IgH) locus in CD19 − Thy1.2 + and CD19 + cells generated from tumor #377 (Fig. 1G ). This revealed that the CD19 − Thy1.2 + cells carried a VDJ rearranged IgH similar to what we observed in the CD19 + cells, supporting that the cells represent the same leukemic clone.
Even though it is possible to identify childhood B-ALL leukemia that , similar to our mouse model, contains combined heterozygous deletion of PAX5 and EBF1 (Mullighan et al. 2007; Prasad et al. 2015) , it is rare in comparison with single-heterozygous mutations in either the PAX5 or EBF1 gene (Mullighan et al. 2007; Prasad et al. 2015) . While we rarely found leukemia development in single-heterozygote mice, a few cases were found among our animals, creating the possibility of exploring whether leukemia cells from single-heterozygote mice display T-lineage plasticity. To this end, we infected two pro-B-cell tumors from Pax5 +/− mice and two from Ebf1 +/− animals with ICN1 and explored the development of CD19 − Thy1.2 + cells (Supplemental Table S9 ). This revealed that one of the Ebf1 +/− and one of the Pax5 +/− tumors gave a robust conversion of cells into a CD19 − Thy1.2 + phenotype, while few CD3 + cells were generated. Hence, activation of Notch signaling in B-cell tumors carrying disruption in critical lineage-specifying transcription factors results in a switch of the tumor phenotype.
In order to investigate whether ICN1-expressing tumor cells could expand to generate a leukemic disease in vivo, we transplanted ICN1 transduced LN cells from three individual leukemic mice (#278, #327, and #377) and pMIG-GFP transduced LN cells from two individual mice (#327 and #377) into wild-type C57BL6 mice. After 3-4 wk, several of the transplanted mice displayed disease symptoms, including a partial paralysis also observed after transplantation of primary tumors . Analysis of the spleens from the mice transplanted with cells transduced with a GFP control virus revealed a peripheral expansion of CD19 + cells ( Fig. 2A,B) , well in line with the previously observed stable phenotype of these tumors . Analyzing the expansion of the ICN1 transduced tumor cells in the spleen revealed that, even though all of the animals displayed some expansion of CD19 + cells ( Fig. 2A,B (Fig. 2C) . qPCR analysis using genomic DNA detected TCRβ DJ as well as low levels of TCRβ VDJ recombination in the ICN1 transduced cells (Fig. 2D) . The B-cell origin of the cells was verified in one of the tumors by IgH VDJ recombination analysis, revealing a dominant expansion of a leukemic cell carrying a VDJ 1 recombination event in the CD19 + as well as the CD19 − Thy1.2 + populations (Fig. 2E) . Hence, the lineage identity of tumor cells can be influenced by the local microenvironment to generate two phenotypically distinct but clonal tumors in the host. + cells was limited; however, the major fraction of the cells coexpressed KIT (Supplemental Fig. S4 ) and CD25 (Fig. 3C,D) , while fewer cells expressed CD44. Hence, even though high KIT expression normally is limited to the DN1 and DN2 stages, the low expression of CD44 indicates that the major part of the cells resides in the DN2-DN4 stage (Rothenberg 2014; Yui and Rothenberg 2014) . Even though it would appear as if the converted cells cannot be assigned to any one specific DN stage, the lack of CD3 expression and high expression of KIT support the idea that the cells display an early block of differentiation. Hence, environmental signals may impact the lineage identity of a leukemic cell.
The efficiency of the conversion process was explored by limiting dilution experiments, revealing that the cloning frequency of the B-cell tumors on OP9-DL1 cells was about one-fifth of that on OP9 cells, with the absolute majority of the clones generated on the OP9-DL1 cells containing CD19 − Thy1.2 + cells (Supplemental Fig. S5 ). To explore the stability of the process, we incubated tumor cells on OP9-DL1 cells for 10 d, after which CD19 + Thy1.2 + and CD19 − Thy1.2 + were reseeded on either OP9 or OP9-DL1 cells (Fig. 3E ). After an additional 10 d of culture, the cellular content was analyzed by FACS, revealing that, while the CD19 + Thy1.2 + cells were able to generate CD19 + cells, the CD19 − Thy1.2 + population generated only CD19 − cells , and mouse tail DNA were included as positive and negative controls, respectively. The data were normalized to the amplification of a genomic fragment from the albumin gene and present two experiments with duplicate qPCR reactions. (E) Southern blot of PCR products from VDJ recombination events in the IgH locus using genomic DNA from CD19 + Thy1.2 + (pMIG) and CD19 − Thy1.2 + (ICN1-pMIG) cells sorted from the thymus of a mouse transplanted with TH-LN377. Wild-type mouse tail DNA and BM DNA were used as negative and positive controls, respectively.
even under B-cell conditions. Hence, the conversion process is robust and induces a stable change of lineage identity.
Ectopic expression of C/EBP proteins results in conversion of leukemic pro-B cells into monocytic cells lacking in vivo expansion potential
It has been reported that the expression of C/EBP proteins causes a phenotypic conversion of B-lineage tumor cells to generate myeloid cells (Xie et al. 2004; Bussmann et al. 2009 ) with reduced malignant potential (Rapino et al. 2013; McClellan et al. 2015) . To explore the ability of 
CD11b
+ cells (Fig. 4A,B) . May-Giemsa staining of the converted cells revealed that the absolute majority displayed a nuclear morphology of monocytes (M) rather than that of granulocytes (Fig. 4A) . IgH VDJ analysis supported their B-lineage origin (Fig. 4C) , and qPCR analysis revealed a down-regulation of Igll1 and up-regulation of the myeloid gene Myleo-peroxidase (Mpo) in the converted cells (Fig.  4D ). The C/EBPβ transduced cells were able to mount a response to LPS stimulation, reflected in induced expression of Il6, Il1β, Il12p40, and TNFα mRNA ( Fig. 4E ; Supplemental Fig. S7 ), revealing functional features of monocytes.
In order to explore whether the CD19 − CD11b + population could cause a malignant expansion generating a myeloid leukemia in vivo, we transduced leukemic pro-B cells with either control-or C/EBPβ-encoding retrovirus, cultivated the cells in vitro for 5 d, and transplanted sorted CD19 + CD11b − cells from the control and CD19 − CD11b + cells from the C/EBPβ-expressing cells. Three weeks to 4 wk after transplantation, the mice receiving the control transduced cells developed signs of disease with expansion of GFP + CD19 + CD11b − leukemic pro-B cells in the BM and spleens (Fig. 4F,G) . GFP + cells were rare or absent in the spleens of mice transplanted with the converted CD19 − CD11b + cells. Furthermore, the major part of the GFP + cells detected was CD19 + CD11b − (Fig. 4F,G) , arguing against the converted cells being able to generate a myeloid-like leukemia in vivo.
This finding is in line with existing literature (Rapino et al. 2013; McClellan et al. 2015) ; however, because C/ EBP proteins may act as tumor suppressors (Pabst et al. 2001; Nerlov 2004) , continued ectopic expression of C/ EBP proteins from the retroviral insertions might counteract the formation of myeloid leukemia. In order to explore this possibility, we took advantage of a C/EBPα retrovirus carrying the protein fused to a tamoxifen (4-OHT)-responsive estrogen receptor (ER) protein, allowing us to modulate the nuclear localization of the protein via the addition of 4-OHT. The conversion process was totally dependent on the addition of 4-OHT to the cultures (Fig. 5A , B, left panel), and the retraction of the drug resulted in reduced in vitro expansion of the converted CD19 − CD11b + cells (Fig. 5B, right panel) . Exploring changes in RNA Tables  S1, S2 ). GO analysis identified genes associated with myeloid cell function among the genes with increased expression in the C/EBPα-ER-expressing cells ( Fig. 5D ; Supplemental Table S5 , while genes associated with Bcell differentiation (GO: 0030183) and B-cell activation 0.46% ± 0.15% (n = 3) 0.06% ± 0.0% (n = 3) ns LN-TH381 0.11% ± 0.0% (n = 4) 0.18% ± 0.08% (n = 11) ns LN-TH383 0.16% ± 0.07% (n = 11) 0.08% ± 0.03% (n = 8) ns LN-TH484
1.53% ± 0.80% (n = 8) 0.50% ± 0.29% (n = 4) ns LN-TH619 ≤0.05% (n = 4) 0.53% ± 0.16% (n = 9) na LN-TH683 0.08% ± 0.02% (n = 7) 0.09% ± 0.0% (n = 4) ns LN-Pax5
≤0.05% (n = 3) 0.5% ± 0.02% (n = 3) na LN-Ebf1 +/− 294 ND ND na LN-Ebf1 +/− 449 ≤0.05% (n = 6) ≤0.05% (n = 5) na a P < 0.01. (GO: 0042113) were found among the down-regulated genes (Supplemental Table S6 ).
Transplantation of pMIG transduced control cells and C/EBPα-ER converted CD19
−
CD11b
+ cells revealed that while the control cells expanded as CD19 + CD11b − cells, we were unable to detect GFP + cells in mice transplanted with the C/EBPα-ER converted cells (Fig. 5E) . Hence, the lack of establishment of myeloid leukemia from converted leukemic pro-B cells is unlikely to be a consequence of tumor suppressor activity from the ectopically expressed C/EBP proteins but rather is a consequence of the leukemic state not being easily transferable between a lymphoid lineage and a myeloid lineage in this model system.
An easier transition of a leukemic state between lymphoid lineages could be a result of higher similarity between the mutational landscapes in lymphoid malignancies as compared with that of acute myeloid leukemia (AML). To explore this possibility, we extracted the frequency and abundance of mutated genes in human T-ALL, B-ALL, AML, and ALAL from the COSMIC (Catalogue Of Somatic Mutations In Cancer) cancer gene census database. Analyzing these data by unsupervised cluster analysis (Fig. 5F ) revealed that the AML samples constituted a separate branch of the hierarchical tree and that the lymphoid malignancies displayed a higher degree of similarity in the mutational landscape.
The conversion of leukemic pro-B cells into T or myeloid lineages involves epigenetic changes associated with the binding of lineage-specific transcription factors
To explore whether the phenotypic alterations observed in the lineage conversion processes were reflected in changes of the epigenetic landscape, we performed ATAC-seq (assay for transposase-accessible chromatin [ATAC] combined with sequencing) analysis of CD19 − cells suggested that the conversion process has a major impact on chromatin accessibility. The transition into a myeloid state was reflected in increased accessibility at ∼3000 sites and reduced accessibility at 6000 sites, and the conversion into T-lineage cells increased accessibility at 2500 sites and reduced accessibility at ∼16,000 sites (Fig. 6A) . The major parts of the sites were located in either intergenic or intronic regions; however, T-lineage conversion involved reduced access at almost 4000 promoters. Annotation of the identified peaks to genes allowed us to match changes in accessibility to changes in gene expression patterns, revealing that a substantial part of the epigenetic changes could be linked to significant changes in mRNA levels. Over 50% of the genes up-regulated upon conversion into myeloid cells and 80% of those displaying significantly increased as well as decreased expression upon conversion into T-lineage could be annotated to changes in accessibility (Fig. 6B) . Even though we could see a higher fraction of genes associated with regions of increased accessibility among the up-regulated genes and vice versa, this correlation was not absolute. Among the promoters with reduced accessibility upon either T-lineage or myeloid conversion were several known to regulate the expression of B-cell genes, including Igll1 and Cd79a (Fig. 6C) . Exploring the ATAC-seq peaks at these promoters revealed a drastic reduction in accessibility upon lineage conversion (Fig. 6C) . Because EBF1 and PAX5 are involved in the regulation of a large set of genes defining the early B-lineage-restricted genetic program Treiber et al. 2010; Gyory et al. 2012; Vilagos et al. 2012) , we explored the overall changes in chromatin accessibility at EBF1-binding sites (GSE69227) or PAX5-binding sites (GSE38046) as determined by CHIP-seq (chromatin immunoprecipitation [ChIP] combined with high-throughput sequencing) analysis of wildtype mouse pro-B cells (Fig. 6D,E ; Supplemental Table S10-S13), revealing a significant decrease in accessibility after lineage conversion.
The accessibility to the Il-1β promoter (Fig. 6C) rendered responsive to LPS activation in the cells converted into M-lineage cells ( Fig. 4E; Supplemental Fig. S7 ) was (ND) Nondetectable. (F ) Heat map displaying the relationship in mutational landscapes as estimated using data from the COSMIC (Catalogue Of Somatic Mutations In Cancer) cancer gene census database-reported mutations in B-ALL (n = 1303), T-ALL (n = 1846), acute myeloid leukemia (AML) (n = 26022), and ALAL (n = 52). Genes with mutations less common than a frequency of 0.1% were excluded from the list. The remaining list of mutations in each tumor type was subjected to hierarchical clustering using cluster 3 (log transform, center genes on mean, average linkage clustering of genes, and arrays) and was visualized in a heat map using Java TreeView. Black indicates absent value.
selectively increased in the M-converted cells, and the accessibility to C/EBPα-binding sites (GSM537983) (Heinz et al. 2010 ) revealed increased accessibility in the CD11b + as compared with the original B cells (Fig.  6E) . Accessibility of the Gata3 promoter was decreased in the M-converted cells but was high in the T-converted cells (Fig. 6C) . However, accessibility in the original tumor cells indicated that this gene is epigenetically available in B-lineage progenitors. Matching ATAC-seq data to ChIP-seq data of GATA3 binding in FLDN2b T-cell progenitors (GSE31235) (Zhang et al. 2012b ) revealed a significantly increased epigenetic accessibility in the T-cell as compared with the original B-cell tumors (Fig. 6D) . Hence, the conversion of pro-B tumor cells into other lineages involves changes in the epigenetic landscape.
In order to explore the progression of the conversion process, we followed the formation of CD19 − cells from Ebf1 +/− Pax5 +/− B-lineage tumor cells. Both the T-lineage and myeloid conversion processes generated intermediate states with combined expression of CD19 and Thy1.2 or CD11b (Fig. 7A,D) . The presence of these cells was most prominent after 6 and 2 d, respectively, indicating that they represent a transient cellular state. Analyzing RNAseq data from these intermediate stages by unsupervised hierarchical cluster analysis suggested that their gene expression pattern displayed a higher overall similarity to that of CD19 + B-cell progenitors than the fully converted CD19
− cells (Fig. 7B,E) . However, exploring accessibility at EBF1-and PAX5-binding sites suggested a reduced accessibility already in the biphenotypic cells (Fig. 7C,F) . This was accompanied by increased accessibility at C/ EBPα sites in the CD19 + CD11b + cells and GATA3-binding sites in CD19 + Thy1.2 + cells. The accessibility at TCF7 (TCF1) sites was not increased before the cells reached a CD19 − Thy1.2 + stage. Hence, even though we could observe minor changes in chromatin accessibility when comparing normal nontransformed wild-type B-lineage cells with their normal or transformed Ebf1 +/− Pax5 +/− counterparts (Supplemental Fig. S8 ), the lineage conversion process is reflected in additional major changes of the epigenetic landscape.
Discussion
We report here that leukemic pro-B cells carrying a disruption in regulatory networks controlling lineage identity display plasticity in response to either secondary genetic events or signals in the microenvironment. The change in lineage features involves genetic reprogramming and alterations in the epigenetic landscape, arguing that the observed processes are a result of genuine lineage conversion. It has been reported that fluctuations in transcription factor dose in MYC-induced B-cell lymphoma results in phenotypic changes involving down-regulation of B-cell markers and induced expression of myeloid markers such as CD11b and F4/80 (Yu et al. 2003) . Upon transplantation of the converted cells, they generated mainly B-lineage lymphoma, suggesting that the observed phenotype was a transient cellular state (Yu et al. 2003) . Even though we observed a similar phenomena transplanting B-cell leukemia cells converted to M-lineage cells, we observed an 
CD11b
+ from pMIG or C/EBPα-ER-pMIG transduced cells treated with 4-OHT and CD19 + Thy1.2 + and CD19 − Thy1.2 + populations after coculturing on OP9 or OP9-DL1 stromal cells. (B) Diagrams displaying the link between changes in mRNA levels (as estimated by RNA-seq analysis) and changes in chromatin accessibility (as investigated by ATAC-seq analysis). (C) Peak tracks generated from BedGraph files of ATAC tag coverage in merged duplicate samples created using HOMER and visualized on Igll1, CD79α, IL1β, and Gata3 genes using the University of California at Santa Cruz (UCSC) genome browser (Kent et al. 2002) . (D,E) ATAC tags were annotated on peaks from ChIP-seq (chromatin immunoprecipitation [ChIP] combined with high-throughput sequencing) data retrieved from Gene Expression Omnibus (GEO) mapped to mm10 and reanalyzed for peak finding using HOMER (EBF1 [GSE69227], PAX5 [GSE38046], GATA3 [GSE31235], and C/EBPα [GSM537983]). Box plots of log 2 tags (means from duplicates) on these peaks were quantified. Statistics was tested using one-way ANOVA with Sidak's multiple comparison test. Significant up-regulation and down-regulation are shown with red and blue asterisks, respectively; ( * ) P < 0.05; ( * * * * ) P < 0.0001. apparent delay in the expansion of leukemia cells (Figs. 4G,  5E ) more in line with data suggesting that conversion of the B-lineage cells to myeloid lineages reduces the malignancy of the cells (Rapino et al. 2013; McClellan et al. 2015) in these experimental settings. In leukemia patients, it is more common to find ALAL with shared B and myeloid characteristics (Jennings and Foon 1997; Craig and Foon 2008; Manola 2013) , and the dose of PAX5 has also been suggested to be involved in the formation of biphenotypic leukemia, which is characterized by a combined expression of B-lineage and myeloid lineage markers (Simmons et al. 2012) . Even though this would be well in line with the role for PAX5 in silencing the myeloid program in B-cell progenitors (Nutt et al. 1999; Tagoh et al. 2006) , we observed only a transient formation of biphenotypic cells from the Pax5 +/− Ebf1 +/− pro-B tumor cells (Figs. 4A,B, 5A,B, 7D ), indicating that reduced dose as a consequence of loss of one Pax5 allele is not sufficient to generate myeloid plasticity of biphenotypic cells.
It is interesting to note that B leukemia cells converted into macrophages not only silenced the B-lineage program but also developed an ability to mount a robust response to LPS. This would indicate that the cells had gained at least some degree of functional maturation. This was in contrast to what we observed for the B-lineage leukemia cells converted into T-lineage cells. Even though these cells down-regulated the B-lineage program, the cells appeared unable to proceed in the differentiation pathway to generate CD3 + cells. Despite the fact that the surface phenotype of the converted cells was not completely compatible with any single defined normal differentiation stage and was rather heterogeneous, the lack of CD3 on the surface in combination with expression of KIT and CD25 on the majority of cells suggests that they were arrested in the DN2 stage (Rothenberg 2014; Yui and Rothenberg 2014) . However, the cells did express low or undetectable levels of CD44, a marker normally expressed on DN2 cells. Even though this would be compatible with the phenotype of DN2b cells (Rothenberg 2014; Yui and Rothenberg 2014) , the generated cells could not easily − CD11b + generated as in D. ATAC tags were annotated on peaks from ChIP-seq data retrieved from GEO EBF1 (GSE69227), PAX5 (GSE38046), and C/EBPα (GSM537983) and were analyzed as in C.
be assigned to any single normal stage of development. In any case, the relatively small amounts of CD3 + cells generated from the converted leukemia cells in vivo were in sharp contrast to the massive generation of CD3 + cells after transplantation of nontransformed Pax5
pro-B cells into Rag-1-deficient recipients . The difference in differentiation capacity between the converted T and M cells could also be reflected in their ability to generate a malignant expansion in the transplanted hosts. Even though care always should be taken in the interpretation of negative results, the inability of the M-converted cells to expand in vivo was in sharp contrast to the massive expansion of CD19 − Thy1.2 + cells that we observed in the T-lineage-converted cells. The peripheral expansion of these immature T-lineage cells largely resembled what would be observed in a progenitor T-cell leukemia, suggesting that the leukemic state can be inherited from the B lineage to the T lineage. This would be in line with the finding that several of the genes and pathways, including IL-7 signaling, found modulated in human B-ALL are also targeted in T-ALL (Mullighan et al. 2009; Collins-Underwood and Mullighan 2010; Zhang et al. 2011 Zhang et al. , 2012a Roberts et al. 2012) .
While our data provide evidence that a leukemic state can be transferred between lymphoid lineages, it is difficult to estimate whether and, if so, how frequently lineage conversion processes are present in human leukemia. Monosomy 5 or deletion of 5q [−5/del(5q)], harboring the EBF1 gene (Milatovich et al. 1994) , is found in both children and adults with the B+T or M+T immunophenotype (Manola 2013) . Exploring the copy number status of PAX5 and EBF1 in a set of human T-ALL cell lines or primary leukemia samples (Supplemental Fig. S9 ) revealed that nine out of 17 cell lines and eight out of 67 primary T-ALL samples displayed loss of one copy of either or both of the genes. However, the deletions observed in the T-ALL involves large regions of the chromosome, while those detected in B-ALL often are smaller and more focused to the EBF1 or PAX5 genes (Mullighan et al. 2007) . Furthermore, out of 118 human T-cell leukemias, 22% displayed recombination events in the IgH loci (Szczepanski et al. 1999) . The majority of these events (61%) was monoallelic recombination events, but biallelic DJ as well as some rare VDJ recombination events could also be detected. Even though IgH recombination, especially the earliest event involving DJ recombination, can be detected also in a fraction of the normal T cells, and the genetic loss of PAX5 and EBF1 is part of larger deletions, this supports a close relationship between lymphoid leukemias as well as the possibility of transfer between states in human disease.
The finding that B-cell tumor-derived T-lineage cells can be detected in the thymi of transplanted mice (Fig.  2B ), while such cells are not detected in the BM or spleens, should be considered in light of the fact that leukemia treatment is progressing from general cytotoxic treatment that targets all hematopoietic cells into more restricted drugs targeting, for instance, a lineage-specific surface marker (Jabbour et al. 2015; Maude et al. 2015) . This is a most welcome development, since it drastically reduces the side effects of the treatment; however, in a scenario in which a B-ALL has generated a small fraction of leukemic cells of another lineage, these may escape treatment to cause recurrent disease with a different phenotype. This may be an underlying explanation for the observation that a large fraction of patients experiences relapse with CD19
− leukemia after treatment with CAR cells targeting CD19 on the B-ALL cell surface (Park et al. 2016 ). This problem is just beginning to be explored, and, in the few cases described, the relapses appear to involve the expansion of myeloid cells in one of the cases with clear relation to the original B-ALL (Gardner et al. 2016) . Even though conversion into myeloid malignancies is not fully in line with our observations, the finding that the AML-like disease develops rapidly (Gardner et al. 2016) indicates that this is the consequence of expansion of existing lineage-converted subclones, well in line with our idea that a tumor clone may not be fully restricted to one lineage.
In all, we report here on the plastic nature of primary Blineage leukemia cells and show that it is possible to transfer a leukemic state between lymphoid lineages. Even though it is difficult to estimate how much this plasticity may impact human leukemia, it is becoming increasingly clear that the same regulatory pathways that regulate lineage identity are also involved in malignant transformation. Hence, we may need to reconsider our thinking about leukemia as a disease with a defined and fixed lineage.
Materials and methods
Animal models
Pax5
+/− (Urbánek et al. 1994) or Ebf1 +/− (Lin and Grosschedl 1995) cells were all on a C57BL/6 (CD45.2) background, whereas the control animals used in transplantation were on C57BL/6 (CD45.1). Pax5 +/− and Ebf1 +/− mice were crossed to generate transheterozygotes for Pax5 +/− Ebf1 +/− . Animal procedures were performed with consent from the local ethics committee at Linköping University (Linköping, Sweden).
Cell culture
Normal lineage-negative Sca1 were sorted and expanded in vitro by coculture on OP9 or OP9-DL1 stroma cells (Schmitt and Zuniga-Pflucker 2002) using Opti-MEM supplemented with 10% heat-inactivated fetal calf serum, 25 mM HEPES, 50 µg/mL gentamicin, 50 µM β-mercaptoethanol, 10 ng/mL KIT ligand, 10 ng/mL Fms-like tyrosine kinase 3 ligand (FLT3L), and 10 ng/mL interleukin-7. Differentiation and transduction experiments were performed as detailed in the Supplemental Material.
FACS staining
FACS analysis was performed as in Ungerback et al. (2015) . For details about antibodies and methods, see the Supplemental Material.
RNA-seq and data analysis
Total RNA was isolated from control CD19 + LN cells (pMIG), converted CD11b
+ cells (C/EBPα-ER-pMIG), Thy1.2 + cells (ICN1-pMIG), and cells cultured on OP9 or OP9-DL1, and libraries were constructed using NuGEN's Ovation Ultralow library systems (NuGEN Technologies) and subsequently subjected to 76 cycles of NextSeq500 sequencing (Illumina). Each biological sample was processed and sequenced in duplicate or triplicate. For analysis of RNA-seq experiments, the reads were aligned to mouse reference genome (mm10/GRCm38) and analyzed using the HOMER platform. For details about sequencing and analysis, see the Supplemental Material. Gene lists (twofold up-regulated or down-regulated in converted cells, with a statistical significance P < 0.05) from RNA-seq experiments were uploaded to Panther Overrepresentation Test (release 2016/7/15; http ://geneontology.org), and enrichment analyses were run with the GO database (released on September 24, 2016). Mus musculus genes from the database (22,322 genes) were used as references.
PCR and RT-PCR
qPCR analysis of sorted cells was performed as described previously ) using Assays-on-Demand probes. The TCRβ VDJ and DJ assays were adopted from Hamrouni et al. (2003) , and the recombination events were quantified by real-time qPCR using FastStart Universal SYBR Green Master (ROX, Roche). Ig VDJ analyses were performed as in Schlissel et al. (1991) . The obtained PCR products were further analyzed by Southern blot, and the correct products were detected by hybridization to a 32 P-labeled internal J 3 oligonucleotide. For details, see the Supplemental Material.
Transplantation procedures
Adoptive transfers were performed by tail vein injection. Nonirradiated CD45.1 animals were transplanted with ∼250,000 LN cells transduced with retrovirus for either ICN1-pMIG or pMIG for pro-B-to-T-cell experiments. For pro-B-to-myeloid experiments, 100,000 CD19 − CD11b + from C/EBPβ-pMIG/C/EBPα-ER-pMIG cells or CD19 +
CD11b
− from pMIG transduced cells were transplanted into nonirradiated CD45.1 hosts.
ATAC-seq
Eighty-thousand cells from the cultures of CD19 + LN cells on OP9 or OP9-DL1 and control pMIG, C/EBPα-ER-pMIG, or ICN1-pMIG transduced CD19 + LN cells were washed in icecold PBS prior to ATAC-seq library preparation as described in Buenrostro et al. (2013) . Libraries were single-end-sequenced on a NexSeq500. Each biological sample was processed for ATACseq and sequenced in triplicate. The data were mapped to mm10 using tag directories with reads mapped to the mitochondrial chromosome filtered out, and University of California at Santa Cruz (UCSC) BedGraph files normalized to 10 million total mapped reads were created using the HOMER platform (Heinz et al. 2010) . ATAC-seq peaks were identified using findPeaks.pl in HOMER (Heinz et al. 2010) . Published ChIP-seq data of EBF1-ChIP in pro-B cells (GSE69227), PAX5 (GSE38046) and GATA3-ChIP in T-cell progenitors (FLND2b; GSE31235), and TCF7 (TCF1; GSE46662) and C/EBPα-ChIP in thioglycolate-elicited macrophages (GSM537983) were retrieved from Gene Expression Omnibus (GEO) and remapped to mm10 using Bowtie2, and peaks were identified using HOMER with the -factor setting. Abundance of ATAC tags on the ChIP-seq peaks was analyzed in HOMER using the annotatePeaks command. For details, see the Supplemental Material.
Mutation analysis of human tumors
To explore the relationship in mutational landscapes, reported mutations in B-ALL, T-ALL, AML, and ALAL were extracted from the COSMIC cancer gene census database. Mutation frequency per reported tumor (AML, n = 26022; T-ALL, n = 1846; B-ALL, n = 1303; and ALAL, n = 52) was calculated. Genes with mutations less common than a frequency of 0.1% were excluded from the list. The mutation frequencies of the remaining genes in B-ALL, T-ALL, AML, and ALAL were subjected to hierarchical clustering using cluster 3 and were visualized in a heat map using Java TreeView. For details, see the Supplemental Material.
